The GATA DNA-binding protein family in mammals has two tandem zinc fingers separated by 29 amino acid residues [(CX 2 C)X 17 (CX 2 C)]-X 29 -[(CX 2 C)X 17 (CX 2 C)] in the middle of the molecule. These fingers are essential for both DNA binding and interaction with other regulatory factors.
The mammalian GATA family has six members. They are divided in two subgroups; one group consists of GATA-1, -2 and -3, which play crucial roles in the development and gene regulation of hematopoietic lineage cells. The other subfamily members, GATA-4, -5 and -6, are similarly important in tissues derived from the endoderm and mesoderm such as the gut, heart and gonad. 1) GATA-4 plays an essential role in embryogenesis, since GATA-4 null mice die at 8.5-10.5 d post-coitum, 3, 4) possibly due to the defective ventral body pattern lacking a ventral pericardiac cavity, heart tube and foregut. Since knockout mice exhibited specification of the cardiac cell lineage, 3, 4) and ES cells with homozygous GATA-4(Ϫ/Ϫ) contributed to the heart tissue in chimeric embryos, 3) GATA-4 in procardiomyocytes or visceral endoderm cells likely regulate the expression of a morphogenic signaling molecule(s) that directs the migration of procardiomyocytes. Although GATA-4 knockout mice express cardiac contractile proteins, 3, 4) a number of studies have suggested that both structural and regulatory genes in the cardiac muscle cells are targets of GATA-4, such as those of A1 adenosine receptor, 5) angiotensin II type Ia receptor, 6) atrial natriuretic peptide, 7) brain natriuretic peptide, [7] [8] [9] cardiac a actin, 10) cardiac troponin C, 11) cardiac troponin I, 9) cardiac-restricted ankyrin repeat protein, 12) amyosin heavy-chain, 9, 13) b-myosin heavy-chain, 9) myosin light chain 1/3, 14) Na ϩ /Ca 2ϩ exchanger 1, 15, 16) Nkx-2.5, 17, 18) slow myosin heavy chain, 19) and corin. 20) It is also evident that GATA-4 functions in the regulation of both epithelial cell differentiation and gene expression in the gut 21, 22) and gonads [23] [24] [25] [26] [27] in addition to the heart. 28) The gene regulation by GATA-4 is cooperative, as the interaction of GATA-4 with other regulatory factors such as AP-1, 6 ) SF-1, 27) FOG2, 29, 30) Nkx2.5, 10,31) TBX5, 32) MEF2, 33) NF-AT3, 34) GATA-6, 9) dHAND, 35) and CBP 36) has been demonstrated. Actually, mutation of GATA-4 prevented the interaction with FOG2 and TBX5, and affected cardiac development. 32, 37) Furthermore, it has been reported that the alteration in GATA-4 expression is closely related to pathological conditions such as tumorigenesis [38] [39] [40] and heart diseases. 41) GATA-4 gene activation is also closely associated with hypertrophic responses. 6, 42, 43) However, little is known about the regulation of GATA-4 transcription itself. In this study, we isolated the 5Ј upstream region of the mouse GATA-4 gene, and characterized its sequence in terms of sequence motifs and promoter activity. Furthermore, we showed that a P19.CL6 embryonic carcinoma cell line 44) that differentiates into cardiomyocytes could be a model for regulation of the GATA-4 gene.
MATERIALS AND METHODS
Sequence Analysis of the Mouse GATA-4 Gene Mouse (ICR) genomic DNA (1 mg) was digested with a restriction enzyme (PstI, EcoRI, BglII or BamHI) and attached to a cassette (0.1 mg), 45) and then subjected to polymerase chain reaction (PCR) 46) with LATaq (TaKaRa). The primer pairs for the 1st and 2nd PCR are listed in Tables 1A and B. The PCR conditions comprised preheating (94°C, 2 min), followed by 35 cycles of denaturation (94°C, 0.5 min), annealing (48-55°C, 1 min), and extension (72°C, 3 min). The PCR products were size-separated on an agarose gel [1% (w/v), TaKaRa Type L03] using ϫ1 Tris-acetate (TAE) buffer [40 mM Tris-acetate, 1 mM ethylenediamine-tetraacetic acid (EDTA) (pH 8.0)], 47) eluted with Geneclean III (Bio 101), ligated into the pGEM T-Easy vector (Promega) with T4 ligase (Toyobo, Osaka), and then sequenced by the dideoxy chain-termination method.
(GIBCO BRL), 100 u/ml penicillin G (Wako Chemicals), and 100 mg/ml streptomycin (Wako Chemicals). Other cell lines (HeLa and HEK-293 cells, 50) and I-10 cells 51) ) were cultured at 37°C in DMEM and F10 medium, respectively. P19.CL6 cells 44) (obtained from the RIKEN Cell Bank) were cultured at 37°C in a-Eagle's minimal essential medium (MEM) containing 10% (v/v) FBS.
Determination of the Transcription Start Site for the GATA-4 Gene The transcriptional start site was determined by means of the rapid amplification of cDNA ends (5Ј-RACE) technique. First stranded cDNAs were synthesized from total RNA of rat tissues (heart, stomach and testis) 52) and mouse cell lines (I-10 and TM3 cells) with phosphorylated primer SSPN005 (Table 1) , and then circularized according to the manual for a 5Ј-Full Race Core Set (TaKaRa). Primer pairs SSPN001 and SSPN003, and SSPN002 and SSPN004 (Table 1) were used for the 1st and 2nd PCR with AmpliTaq (PE Biosystems), respectively. The conditions for the 1st and 2nd PCR comprised 35 cycles of denaturation (94°C, 0.5 min), annealing (50°C or 55°C, 0.5 min), and extension (72°C, 1 min) in the presence of 5% (v/v) DMSO. In all the PCR, preheating (94°C, 2 min) and post-incubation (72°C, 10 min) were carried out before and after successive cycle reactions, respectively. For TM4 and P19.CL6 cells, the 5Ј-end was amplified using a 5Ј-RACE System for Rapid Amplification of cDNA Ends (Invitrogen).
53) The amplified fragments obtained with both 5ЈRACE procedures were purified and ligated to the pGEM T-Easy vector, and then sequenced.
Determination of the mRNA Level Total RNA of all cells except for P19.CL6 cells was extracted with Isogen (Wako Chemicals) from two f10 cm culture dishes. 53) First stranded cDNA was synthesized from 5 mg of RNA with a SuperScript preamplification System (Gibco BRL) and an oligo dT15 primer, and then 1 ml of reaction product was subjected to semi-quantitative PCR analysis with AmpliTaq. The cycle numbers and annealing temperatures for GATA-4 and b-actin were 30 and 20 cycles, and 56 and 60°C, respectively, under the conditions given in the above section. P19.CL6 cells (1ϫ10 5 cells) were seeded into a f10 cm culture dish, and then cultured in the presence or absence of 1% (v/v) dimethyl sulfoxide (DMSO). The medium was replaced with fresh medium with or without DMSO after 4 d, and then every two days. Total RNA was extracted from a culture dish, and then the mRNA level was determined by means of reverse transcriptase-PCR (RT-PCR) with 0.3 ml of cDNA product. The unsaturated conditions for PCR comprised preheating (94°C, 3 min), followed by 18-33 cycles of denaturation (94°C, 0.5 min), annealing (48-60°C, 1 min), and extension (72°C, 3 min), and then by post-incubation (72°C, 5 min): typically, GATA-4 (27 cycles, 52°C), Nkx2.5 (33 cycles, 55°C), NFAT3 (ϭNFATc4) (27 cycles, 55°C), Wnt3a (30 cycles, 56°C), Wnt8a (27 cycles, 55°C), MHCa (27 cycles, 60°C), GATA-6 (27 cycles, 52°C), and b-actin (18 cycles, 60°C). To the reaction mixture, 5% (v/v) DMSO was added except for GATA-4 and b-actin. The primer pairs used for PCR are shown in Table 1C . The PCR products were size-separated on an agarose gel and DNA bands were visualized with ethidium bromide. Images were recorded with a FAS-III UV-imaging system (TOYOBO).
Reporter Gene Assay Reporter plasmids were constructed by inserting various lengths of the 5Ј-upstream region of the mouse GATA-4 gene between the MluI and HindIII sites of the pGL3-Basic Vector (PROMEGA). Plasmids pmGT4-956, pmGT4-442, and pmGT4-124 were constructed by inserting the PCR-amplified fragments with primer pairs APM001/APH001, APM003/APH001, and APM008/APH001, respectively. The fragments obtained with primer pairs OHA017/OHA020 and OHA019/OHA020 were inserted between the MluI and AvrI sites of pmGT4-956, resulting in pmGT4-1312 and pmGT4-1048, respectively. pmGT4-35 was generated from pmGT4-124 by ligating the large fragment obtained on digestion with MluI and ApaI, and Klenow treatment. Point mutations were introduced into sequence motifs by means of the mega-primer and double primer PCR techniques.
54) The mega-primer formed with APH001/(OHA003 or OHA004) was used with APM003 for PCR together with pmGT4-442 as a template. The fragment further amplified with primer pair APM008/APM001 was inserted between the MluI and HindIII sites of the pGL3-Basic Vector to produce pmGT4-123 (mut Prox GC-1) or pmGT4-123 (mut Prox GC-2). The PCR products obtained with primer pairs APH001/ (OH005 or OH006) and APM003/(OH008 or OH007) were further amplified with APM003/APH001 to produce pmGT4-124 (mut E-box) and pmGT4-124 (mut Prox GC-1,2), respectively. The primer sequences are listed in Table  1A .
For the reporter gene assay, 1ϫ10 5 (TM3 and TM4 cells) or 2ϫ10 5 (P19.CL6 cells) cells were seeded into 2 ml medium containing 7% (v/v) FBS in each well of a 6-well culture plate, and then cultured for 24 h. 53) Lipofectamine · (Invitrogen) was used for transfection (duplicate) of plasmid DNA [reporter plasmid (0.5 mg) and pSV-b-Gal (0.5 mg) per well], according to the manual supplied by the manufacturer, except that the volume was quadrupled. Lysis buffer (90 ml) (Promega) was added to the phosphate-buffered saline [10 mM sodium phosphate buffer (pH 7.2), 137 mM NaCl, 3 mM KCl] (PBS)-washed plate 48 h after the start of transfection, and a cell lysate was prepared (12000ϫg, 10 min at 4°C). An aliquot (20 ml and 5 ml) of the supernatant was used for measurement of the activities toward luciferase and b-galactosidase (with Assay 2X Buffer, Promega), respectively. The activity was normalized as to the b-galactosidase activity. It must be noted that the promoter activity of pmGT4-442 is at least several times higher than that of the reporter plasmid with SV40 promoter. Protein was assayed with a Bio-Rad Protein Assay kit 55) with bovine serum albumin (BSA) (fraction V, Sigma) as a standard.
Chemicals Restriction enzymes were obtained from New England Biolabs (MA, U.S.A.), TaKaRa (Kyoto), Toyobo (Osaka), and Nippon Gene (Toyama). Klenow enzyme and T4 DNA ligase were from TaKaRa and Toyobo. The PCR primers and medium were purchased from GIBCO BRL. All other chemicals used were of the highest grade commercially available.
RESULTS

Gene Organization of Mouse GATA-4
Portions of the mouse GATA-4 gene were amplified by means of PCR (Fig.  1A ) using the primers listed in Table 1 . The deduced nu-cleotide sequence was matched with the registered mouse genomic data (accession for NCBI: NC_000080). The gene is separated by six introns, and the first exon is non-coding, as compared with cDNA sequence (AF179424 and XM_122776). Such a gene organization is conserved in rat and human GATA-4 (NW_047454 and NC_00008, respectively) (Fig. 1B) , although the non-coding first exon is hypothetical in the human GATA-4 gene. The gene organization of GATA-4 is similar to those of GATA-5 (NC_000020) and GATA-6 (NC 000018) with seven exons, but slightly different from those of GATA-1 (NC_000023), GATA-2 (NC_ 000003), and GATA-3 56) with six exons. The primary structure of mouse GATA-4 deduced from the genomic sequence is essentially the same as that of rat GATA-4 (ϭGATA-GT2 52) ) (L22761) (Fig. 1B) . Furthermore, several registered mouse GATA-4 sequences (AF179424 and XM_122776) determined from cDNAs are identical to that determined from the genomic sequence.
Determination of the Transcriptional Start Site of the GATA-4 Gene Up to -967 and -450 base pairs (bp) sequences amplified through genome walking for the mouse and rat genes, respectively, are highly conserved in overlapping parts. We compare the mouse, rat and human upstream sequences in Fig. 2 , including the further upstream sequence cloned from mouse genomic DNA, and the registered sequences from human and rat genomic databases. Such a comparison clearly revealed the sequence similarity in the entire regions shown in the figure. Actually, Harr plot analyses (GENETYX, Software Development Co., Japan) of the 10 kb segment upstream of exon 1 in the mouse and human genes gave a straight line comprising dots representing more than 30 identical residues within a span of 50 residues (not shown).
The transcriptional start site of GATA-4 mRNA was determined by means of the 5Ј-RACE technique with RNA from rat tissues (heart, stomach and testis) known to express GATA-4. 52, 57, 58) The sites were identical for heart and testis, and it was about 30 bp further downstream for stomach (Fig.  3A) . These results suggest that the transcriptional start site was not significantly different in the three tissues examined. -GGC GCG ATC TCC GTG AG-3Ј  SSPN002 5Ј-CAG CTC CAG TTT CCC AG-3Ј  SSPN003 5Ј-GAC TGT CGC TTC GAA GG-3Ј  SSPN004 5Ј-AAC GGG CCC TCT TCG TC-3Ј  SSPN005 5Ј-CAG GCT TTG GTA CAT CG-3Ј  SSPN006 5Ј-AAG CTC TGA GCA CGA GGC A-3Ј  SSPN009 5Ј-CTC ACG GAG ATC GCG CC-3Ј  SSPN010 5Ј-CTG GGA AAC TGG AGC TG-3Ј  SSPN023 5Ј-TTG TCT GCC TCG TGC TCA-3Ј  SSPN024 5Ј-GTA CCA AAG CCT GCC ATG-3Ј  SSPN025 5Ј-GGC CCC ACA ATT GAC AC-3Ј  SSPN026 5Ј-CTC TCT GCC TTC TGA 
5Ј-AAC TGC CAG ACT ACC ACC-3Ј SSPN033 5Ј-CGC TGA TTA CGC GGT GAT-3Ј SSPN034 5Ј-TGT CCC CAT GAC TGT CAG-3Ј SSPN035 5Ј-CTG ACA GTC ATG GGG ACA-3Ј SSPN036 5Ј-ATC ACC GCG TAA TCA GCG-3Ј SSPN039 5Ј-GGC CTC TTG CAA TGC GGA-3Ј SSPN040 5Ј-GGA GGG GAT TCA AAC CAG-3Ј SSPN041 5Ј-CTG GAG TTG CTG GAG G-3Ј SSPN042 5Ј-CAC CAC TGG AGG GAG-3Ј C1 5Ј-GTA CAT ATT GTC GTT AGA ACG CG-3Ј  C2  5Ј-TAA TAC GAC TCA CTA TAG GGA GA-3Ј  APH001  5Ј-TAT AAA GCT TGC TGC AAC TGC GGC TG-3Ј  APM001  5Ј-TAT AAC GCG TGG CTT GGT AAT CGA TGG G-3Ј  APM003  5Ј-TAT AAC GCG TTC TGA GGC TAG CAA GGC-3Ј  APM008  5Ј-TAT AAC GCG TAG GTG CTG CCG GGT-3Ј  OHA003 5Ј-CCC GAA CCC GCC CTT GCA CG-3Ј OHA004 5Ј-CCC GCC CCC GAA CTT GCA CG-3Ј OHA005 5Ј-CCT TGT GCG CAA CTC CCT TA-3Ј OHA006 5Ј-CCC GAA CCC GAA CTT GCA CG-3Ј OHA007 5Ј-CGT GCA AGT TCG GGT TCG GG-3Ј OHA008 5Ј-TAA GGG AGT TGC GCA CAA GG-3Ј  OHA017  5Ј-TAT AAC GCG TGC TCA GTC CTT CCT CTG-3Ј  OHA019  5Ј-TAT AAC GCG TTG CCG GGG AGA GAA ATG A-3Ј  OHA020  5Ј-TAG TTC CTT CCC TAG GGT GGG GGT A-3Ј   (B)   1st: C1-SSPN002  2nd: C2-SSPN001  1st: C1-SSPN009  2nd: C2-SSPN010  1st: C1-SSPN005  2nd: C2-SSPN006  1st: SSPN009-SSPN005  2nd: SSPN010-SSPN006  1st: SSPN023-C1  2nd: SSPN024-C2  1st: C1-SSPN025 2nd: C2-SSPN026 1st: SSPN027-C1 2nd: SSPN028-C2 1st: SSPN027-SSPN029 2nd: SSPN028-SSPN030 1st: SSPN031-C1 2nd: SSPN032-C2 1st: SSPN039-SSPN041 2nd: SSPN040-SSPN042 1st: C1-SSPN033 2nd: C2-SSPN034 1st: SSPN035-C1 2nd: SSPN036-C2 1st: OHA017-OHA020 1st: OHA019-OHA020 We also surveyed the GATA-4 expression in various cultured cells, and the transcript was detected in TM3, TM4, I-10, P19.CL6 and HEK-293 cells but not in HeLa cells (Fig. 3B) . The transcriptional start sites for I-10, TM3, TM4 and P19.CL6 cells were similar to those for the rat tissues (Fig.  3A) . These sites were located 50-90 bp downstream from the cluster of typical GC-boxes (GGGCGG/CCGCCC) 59) and an E-box (CANNTG) 60) (Fig. 2) . Such a situation resembled to that of the eukaryotic TATA-less promoter. 61) Interestingly, these sequence motifs are conserved in the upstream region of the human GATA-4 gene (Fig. 2) , suggesting that the human gene has non-coding exon 1 and intron 1 similar to rodent GATA-4 genes.
Characteristics of the 5-Upstream Region Upstream of the transcriptional start sites there are various sequence motifs that are potential binding sites for regulators of transcription (Fig. 2) . The cluster of GC-boxes and an E-box is conserved not only in rodents but also in man. There are three additional GC-boxes in mouse, of which two are conserved in rodents, and one is conserved in mouse and man. Consistent with the expression of GATA-4 in stomach and testis, 52) binding motifs for specific transcriptional regulatory The 5Ј-upstream region of the mouse GATA-4 gene was amplified by the genomic walking procedure [this study], and the nucleotide sequence is shown together with the corresponding portions of the rat and human genes. 17) Nucleotides are numbered from the transcriptional start site of I-10 cells (vertical arrow) shown in Fig. 3 ; since we have already studied GATA-4 expression in this cell line, 51) we tentatively numbered the residues based on the result for I-10 cells. Asterisks and hyphens show identical residues and gaps, respectively. Identical residues between only two species are dotted. The potential binding sites for transcription factors are boxed according to the consensus sequence; AP-1, TGACT(C/A)A 59) ; CdxA, (C/T)AT(A/T)A(A/T)T 62) ; E-box, CANNTG 60) ; GATA, (A/T)GATA(A/G) 64) ; GC-box, GGGCGG or CCGCCC 59) ; MZF-1, TCCCCACT 65) ; NF-kB, GGGA(A/C)TN(T/C)CC 66) ; and SF-1, (C/T)G(A/G)CCTTG(A/G). 63) Overlapping GC-boxes next to the E-box in human are underlined. Arrows together with the names show the upstream ends of reporter gene constructs. factors in these tissues and functioning in their development such as CdxA (gut) 63) and SF-1 (testis) 63) as well as GATAsite 64) were found in the upstream sequence beyond the cluster of GC-boxes and an E-box, although the binding sites for heart-specific factors were not difficult to find. In addition to these motifs, AP-1, MZF-1, and NF-kB-like sequences 59, 65, 66) are also conserved in rodents and man.
Promoter Activity of the 5-Upstream Sequence We first examined the promoter activity by means of luciferase reporter gene assay using TM3 and TM4 cells, since both of them express GATA-4 (Fig. 3B) . A series of deletion constructs from the 5Ј-side (Fig. 4A ) except mGT4-35 gave high luciferase expression (Figs. 4B, C) , suggesting that the region between Ϫ124 bp and Ϫ36 bp with a cluster of two GCboxes and an E-box could be essential for the promoter activity. The reporter genes with a long upstream sequence (mGT4-1312 and mGT4-1048) gave decreased activities in TM3 and TM4 cells.
To determine whether or not the GC-boxes and E-box located between Ϫ124 bp and Ϫ36 bp are critical elements for transcription in TM3 and TM4 cells, we introduced mutations into these motifs. The effects of mutation on GC-boxes are nearly additive and mutations in both of them greatly reduced the activity (Fig. 5) . Furthermore, mutation in the Ebox alone strongly inhibited the activity. Thus, the GC boxes and E-box act synergistically. These results suggest that all three motifs are required for transcription of the GATA-4 gene.
Gene Regulation of GATA-4 Upon Cardiac Myocyte Differentiation
We next focused on P19.CL6 cells that start beating after treatment with DMSO, since such beating is accompanied by activation of various genes, which is a differentiated phenotype of cardiac myocyte. 44, 67) Actually, transcription of GATA-4 is stimulated upon the addition of DMSO, as determined by means of PCR (Fig. 6 ); the transcription level increases until the start of beating, and then levels off. Nkx-2.5 10, 31) and NF-AT3, 34) which function together with GATA-4, showed a similar expression pattern to GATA-4, although low amounts of their transcripts could already be detected before DMSO-addition. However, expression of MHCa which is required for muscle contraction and induced by GATA-4, 9,13) was retarded. GATA-6 also increased in a later stage of differentiation. Potential signals for cardiac differentiation such as Wnt-3a and Wnt-8a are transcribed at an early stage of induction, and the former is reactivated in the later stage.
We introduced reporter gene constructs into P19.CL6 cells to determine whether or not the reporter gene is similarly activated in DMSO-treated cells. As shown in Fig. 7A , control cells without DMSO treatment showed substantial luciferase activity with a series of constructs. However, in DMSOtreated cells, reporter gene activities increased significantly; not only pmGT4-124 but also longer constructs showed elevated activities (Fig. 7B) . These results suggest that qualitative difference is induced in GATA-4 gene activation upon DMSO treatment. Furthermore, the stimulated activity observed for the reporter gene seems to be correlated with in vivo activation of the GATA-4 gene. To further determine whether or not the conserved GC-boxes and E-box are critical for transcription, the mutated reporter genes were introduced into DMSO-treated P19.CL6 cells. As shown in Fig. 8 , the results indicated that the two GC-boxes additively contribute to the transcription, and that they synergistically function with the E-box in transcription of the GATA-4 promoter.
DISCUSSION
Transcription of GATA-4 is high in the heart, gastrointestinal tract and gonads. 52, 58, 59) We demonstrated in this study that the transcriptional start sites are not significantly different in these tissues and cultured cells of the same origin. Furthermore, the 5Ј-upstream sequences of human, mouse and rat are highly conserved. These results suggested that the regulatory mechanism for GATA-4 gene expression could be conserved in mammals, and that related factors if not identical might participate in gene regulation in different tissues Table 1C were designed from the registered cDNA sequences; NM008092 (GATA-4), NM010258 (GATA-6), NM008700 (Nkx2.5), NM023699 (NFAT3), NM010856 (MHCa), NM009522 (Wnt3a), NM009290 (Wnt8a), and NM7393 (b-actin).
and different mammals. The deviated distribution of transcriptional start sites in tissues and cell lines could be partly ascribed to the TATA-less promoter, 61) and start sites would shift depending on the composition of the transcriptional initiation complex in the cellular environment.
The basal promoter is clearly located in the short segment between Ϫ36 and Ϫ124 bp, since deletion of this region essentially abolished the reporter gene activity. The GC-boxes and E-box in this segment are critical for transcription, since introduction of a base substitution into their consensus sequences greatly reduced the promoter function. Although the further upstream region of cloned sequence (between Ϫ442 and Ϫ125 bp) contains additional GC-boxes, they are not essential for the promoter activity. AP1 site in this segment is also dispensable (not shown). The reporter gene assay demonstrated that still more substantial stimulation was observed even with pmGT4-1312 in TM3 and TM4 cells, although P19.CL6 cells without DMSO treatment showed very low stimulation. This might be partly explained by the cellular environment that is suitable for the expression of GATA-4 in the former cell lines. These results suggest that silencer(s) between Ϫ1312 and Ϫ125 bp would be strongly functional in P19.CL6 cells without DMSO.
The promoter activities with a set of reporter constructs increased upon differentiation of P19.CL6 cells into beating cardiomyocyte-like cells. This observation coincided with the enhancement of native GATA-4 gene transcription in vivo. However, we could not detect significant differences of GCbox and E-box binding proteins in amounts between before and after DMSO treatment, which would suggest that pmGT4-124 has relatively high reporter gene activity without DMSO treatment, if we assume the presence of silencer between Ϫ1312 and Ϫ125 bp as above. Thus, it would be important to estimate visually the promoter/enhance activities in cellular environment of P19.CL6 cells with constitutively introduced reporter constructs.
The E-box could be a binding site for basic Helix-LoopHelix (bHLH) DNA binding proteins 68) : generally an E-box binding protein that comprises a heterodimer with general and tissue specific partners may have a crucial function in tissue development and specific gene expression, as is well known for skeletal muscle. Furthermore, the differentiation of skeletal muscle progresses with successive expression of different E-box binding proteins. Thus it would be interesting to determine what kind of E-box binding protein(s) as well as other transcription factor(s) recognize such an upstream region of the GATA-4 gene, especially in P19.CL6 cells.
It has been reported that GATA-4 exclusively lies downstream of a bHLH protein dHAND in the cardiovascular system, 69) suggesting that this protein would be a candidate Ebox binding protein for the GATA-4 gene promoter. However, GATA-4 expression is independent of dHAND in endodermally derived cell types in the heart. 69) Actually, ubiquitous E-box binding proteins such as USF1 and USF2 regulate the testicular expression of the SF-1 and FSH receptor genes. 70, 71) Furthermore, the Id proteins inhibit bHLH proteins in a dominant negative manner and may be involved in cell differentiation. 72, 73) As for GC-box and E-box binding proteins, the gel mobility shift assay demonstrated that the nuclear extract from P19.CL6 cells did not react with antibodies for SP1 and HAND family (both dHAND and eHAND) (1C6 and G-16, respectively, from Santa Cruz Biotech. CA) (not shown).
Although the expression of GATA-4 and GATA-6 is mutually dependent, 3, 4, 74) GATA-4 is transcribed in a GATA-6(Ϫ/Ϫ) embryo, 74) indicating that GATA-6 per se cannot be a prerequisite for transcription of GATA-4. Consistently, the induced transcription of GATA-4 was followed by the expression of GATA-6 in P19CL6 cells. Nkx2.5 regulates the transcription of GATA-4 in the P19 embryonic carcinoma cell line, 75) although a typical Nkx-2.5 binding element (TNAAGTG) 76) could not be found in the cloned upstream region of the GATA-4 gene. As for Nkx-2.5, the binding sitedependent and independent activation mechanisms 75, 76) should be evaluated together with analysis of distal enhancer regions.
Currently, it has been believed that disturbances of GATA-4 functions are major causes of human diseases. Adrenocortical tumorigenesis is accompanied by the activation of GATA-4 transcription. 38) Furthermore, GATA-4 is overex- 39) although transcriptional silencing of GATA-4 has been reported in colorectal and gastric cancer. 40) Alteration in the GATA-4 expression 41) as well as mutation of the GATA-4 molecule 32) is closely related to congenital heart diseases. Thus fundamental knowledge on gene regulation of GATA-4 would be valuable for understanding the patho-physiologies of such diseases.
